High-performance synchronization control of two double-rod cylinders used to oscillate the mold of a continuous casting machine is considered in this article. Friction between strand shell and mold plays an important role to achieve highprecision control of mold oscillator. A new friction model is proposed for exact system modeling and is proved useful. Using a force-distribution method to consider the coupling effect between two cylinders, mathematical models of each cylinder are presented and a simple robust backstepping control strategy is proposed, which can reduce the influences of time-varying system parameters and unmodeled uncertainties. The transient performance and stability of the proposed controller are rigorously proved. Simulation and experimental results show that proposed synchronization control method can achieve good performance for given tracking task.
Introduction
Electro-hydraulic actuators (EHAs) have been widely used in industry because they have many distinct advantages, such as fast response speed, high system stiffness and small size-to-power ratios. However, the dynamics of EHA are highly nonlinear 1 and this feature make controller design a challenge. Specifically, some nonlinearities are time-varying such as bulk modulus and leakage coefficient due to the change of fluid temperature and component wear, and some nonlinearities are uncertain factors that cannot be modeled exactly such as frictions and external disturbances. Apart from the applications of single actuator, in many situations, [2] [3] [4] two or more actuators usually work together to drive the same plant because of their joint high payload capability. The problem of motion synchronization is met when multi-cylinder EHA appears. Due to kinds of system disturbances, such as coupling disturbance, load disturbance and external disturbance, it is impossible for cylinders to achieve entire synchronous motion even when identical hardware and control strategy are employed for each cylinder.
Control of mold oscillator is a typical application of dual-cylinder EHA. 5, 6 According to the drive mechanism of the mold, two cylinders are controlled by servo valve. It is a common electro-hydraulic servo position system. In metallurgical industry, mold oscillation is a key process of the continuous casting, where big tracking error and non-synchronized oscillation will degrade slab quality severely. 7 Therefore, position tracking control and synchronization control are equally important for mold oscillator.
Beside, in the mold oscillation working process, the friction between strand shell and mold is changing dynamically, so the load of EHA is too complicated to be identified in real time. For mold oscillation, it is almost impossible to establish an accurate model. How to design a high-performance controller for such a multi-actuator hydraulic system has become a significant research topic.
Several techniques have been used for the position synchronization control of two or more cylinders. The earliest settlement for this problem is the usage of fluid flow-divider and pressure compensated valve which work in an open loop. 8 Such change in hardware does not bring high precision at the cost of larger size and more complicated structure of controller. With the increasing concern about higher control precision, a growing number of closed-loop control strategies were applied in the synchronization control.
Synchronization error (SE) is commonly used to characterize the synchronization performance. In this article, SE represents the difference between displacements of each hydraulic rod. A number of methods for depressing SE have been developed. In Sun and Chiu, 9 a quantitative feedback theory (QFT) for synchronization control of two cylinders is proposed, the controller is synthesized through a two-step process using a linear multi-input multi-output motion synchronization controller as the outer loop controller and a perturbation observer-based pressure controller as the inner loop controller. In Chen et al., 10 fuzzy logic is adopted to synthesize both the control of each cylinder and the cross coupling control (CCC); different fuzzy membership functions are chosen for each controller according to experts' knowledge. In Xiao et al., 11 a robust model-based predictive control (MPC) algorithm is presented, and an optimal synchronization structure with CCC and a modified version of performance index are used to minimize tracking error and SE.
For control of multi-EHA, many researches indicate that nonlinear control algorithm can guarantee tracking accuracy and CCC algorithm can depress SE effectively. [12] [13] [14] In some cases, CCC strategy focuses more on the synchronous performance, which even resulted in bigger tracking errors because of inappropriate compensating control input. In addition, some complicated CCC strategy increases calculation burden.
In this article, to guarantee tracking accuracy and to reduce complexity of controller, a simple robust backstepping control (RBC) strategy without CCC is proposed for motion synchronization of mold oscillator. A force-distribution method which substitutes CCC is used to consider the coupling effect. In electrohydraulic servo control, RBC, a typical nonlinear control algorithm, is chosen by number of researchers [15] [16] [17] because RBC is able to take into account the effect of not only the time-varying parameters but also the unmodeled uncertainties. The RBC is based on accurate mathematical model of controlled plant, so the model of friction between strand shell and mold is proposed before the design of controller.
The rest of this article is organized as follows. In the next section, the dynamic model of two double-rod cylinder is presented using force-distribution method. A new model of friction between strand shell and mold is proposed in section ''Mold friction.'' The RBC strategy for motion synchronization control of mold oscillator is given and its convergence and robustness are proved in section ''Controller design.'' Simulation and experimental results are shown, respectively, in sections ''Simulation results'' and ''Practical application.'' Finally, some conclusions are drawn in section ''Conclusion.''
Problem formulation and dynamic model
The hydraulic mold oscillation system is shown in Figure 1 . The hydraulic mechanical part of the system consists of two double-rod cylinders (cylinder 1 and cylinder 2) controlled by high-response servo valves. Two hydraulic sets are located symmetrically under both sides of the mold platform. The combined load with mass M and moment of inertia about its center of gravity J act on the two cylinders. The whole system is driven by a constant pressure P s , and the tank pressure is P r . The goal is to make mold oscillator to track the desired oscillating trajectory as closely as possible.
The motion equations of the mold are given as follows
where
L=2, x 1 and x 2 are displacements of each hydraulic rod; L is the length of the mold oscillation; F 1 and F 2 are forces of each rod act on mold platform; f is modeled mold friction and d is the lumped uncertainty containing external disturbances and unmodeled friction forces.
In practice, L is much longer than the maximum deviation between x 1 and x 2 , so cosg is considered to be 1 and g ffi (x 1 À x 2 )=L. Then, equation (1) can be written as
According to equations (2) and (3), the expression of F 1 and F 2 can be obtained Figure 1 . Hydraulic mold oscillation system.
The above process is based on the force-distribution method, 18 aiming to get the force mathematical model on each cylinder. As shown in equations (4) and (5), coupling effect of two cylinders has been taken into consideration. The force balance equations of each cylinder are given by
where m i is the total moving mass of the cylinder piston, A i is the effective working area of the cylinder and P Ai and P Bi are fluid pressure of the inside chambers, respectively. f Fi is the combined force containing damping, viscous and Coulomb friction forces.
With the development of seal techniques, the external leakage flow is almost zero, so it can be neglected. 19 Then, the dynamics of cylinder can be written as
where b e is the effective bulk modulus, C t is the internal leakage coefficient of the cylinder, Q Ai is the flow rate entering the lower chambers, Q Bi is the flow rate leaving the upper chambers and V i is the total volumes of the cylinder and hoses between cylinder and servo valve. By subtracting two equations in equation (7), the following expression can be obtained
The flow rate can be modeled by throttling formula
where k qi is the flow gain coefficients of servo valves and x vi is the valve spool displacements. Since highresponse servo valves are chosen, it is assumed that valve spool displacement x vi is directly proportional to driving signal u i , namely
where l i is the constant.
Define the following state variable y = ½ y 1 , y 2 , y 3 T = ½x 1 , _ x 1 , P A1 À P B1 T . Then, according to equations (4), (6), (8)- (10), cylinder 1 can be described in state-space form as follows
where G and R are defined by
where r 1 = l 1 k q1 is the scale factor between control signal and square root of pressure difference. Using the same method, the state-space equation of cylinder 2 can be easily obtained. Because the controllers of two cylinders are independent and the design procedures of them are completely same, the calculation and proof of cylinder 2 controller are omitted in the following.
Given the desired motion trajectory x d (t), the objective of this article is to synthesize two bounded control inputs u 1 and u 2 so that the output x 1 and x 2 could track x d (t) as closely as possible in spite of time-varying parameters and unmodeled uncertainties. Based on practical hydraulic system, the following assumption is made. 
Mold friction

Measuring method
Mold friction refers to the interaction between strand shell and mold which has important effects on control process of continuous casting and surface quality of billet. Real-time measurement of mold friction is difficult to carry out. A good alternative of detecting mold friction proposed in Zang et al. 20 is as follows: when the mold oscillates without casting, that is, mold is empty, the load acted on hydraulic cylinders is mainly composed of mold, cooling water and oscillation platform; however, the mold friction will be added to the cylinder load in the casting state. At the same oscillating parameters, output forces of hydraulic cylinders can be measured separately in no-casting and casting conditions and the force difference represents mold friction.
Trial conditions
Mold friction measurement trial was carried out on a continuous caster with a slab strand size of 230 mm 3 1000 mm. Compared with conventional sinusoidal oscillation, non-sinusoidal oscillation can boost the casting speed and improve slab quality and thus is beneficial to prevent breakout. 21 The non-sinusoidal oscillation form is chosen as follows
where x d is the desired motion trajectory, O is the amplitude, v is the oscillating frequency and s is the modification factor (ranges from 0 to 1). In the trial, parameters of pre-set non-sinusoidal trajectory are O = 4 mm, v = 2:5 Hz and s = 0:15. Besides, casting speed is 2.4 m/min. Two independent hydraulic sets are linked symmetrically under both sides of the oscillation platform. The displacement sensors and pressure sensors installed on hydraulic cylinders can transmit the rod displacement and chamber pressure signals to controller. The working force, namely, the sum of output forces provided by two hydraulic cylinders, is calculated according to the pressure signals
where F w is the working force. Figure 2 shows the working forces in no-casting and casting conditions at the same oscillating parameters mentioned above. Then, the mold friction can be calculated which is shown in Figure 3 . For ease of observing the relative velocity between strand shell and mold, oscillation velocity curve and casting speed curve are also added into Figure 3 .
Trial result
Friction model
As can be seen from Figure 3 , mold friction and the relative velocity between strand shell and mold do not change direction synchronously, and thus, friction has a tiny lag. The reasons lead to the delay are not entirely clear. The fact is that the average velocity gradient of liquid slag film is between mold oscillating velocity and casting speed, which maybe one of the reasons. Friction between strand and mold depends strongly on the specific casting powder and other casting conditions, like liquid steel superheating, the feeding of the casting powder and casting speed. Thus, there will be always some uncertainty of the actual friction force. In the following friction modeling process, the lag will be ignored because the lag time cannot be estimated exactly. The resulting error, however, will be eliminated by the robustness of the control algorithm. Based on the collected data shown in Figure 4 , the relationship of mold friction and relative velocity between strand shell and mold can be written as a simple form of equation (16) 
The least square method is chosen for curve fitting and the parameters to be determined can be calculated: f + = 5082, f À = À 4184, a = À 89, b = 78. a and b are generated by the least squares method, resolved by curve fitting of Figure 4 .
The fitted curve is also shown in Figure 4 . The proposed friction model and calculated parameters will be used in controller design.
Controller design
Defining and assumption of the uncertainties
Obviously, the coefficients of state variables in equation (11) are time-varying due to the variations of b e and C t . It is necessary to make all the time-varying parameters appear linearly to apply the robust control law. Thus, defining the unknown parameter set u = ½u 1 , u 2 as u 1 = 2b e =V 1 and u 2 = 4b e C t =V 1 . Letû denotes the estimation of u andũ =û À u denotes the estimation error. Substituting u into equation (11), the state-space equation is converted into
Though u is time-varying, it is bounded and positive in nature. d is also bounded and its extent could be estimated. Thus, the following practical assumption is made.
Assumption 2. u2½u min , u max and jdj ł D, where u min = ½u 1 min , u 2 min , u max = ½u 1 max , u 2 max and D are known positive constants, that is, the extent of time-varying parameters and uncertainty are all known. For simplicity,û can be chosen asû = (u max + u min )=2.
Robust controller design
The design of controller accords to the following steps. First, define the coordinate transformation as
where a 1 and a 2 are estimates of y 2 and y 3 , respectively. They are called virtual control inputs usually.
Step 1. e 1 = y 1 À x d is the output tracking error. Noticing that there is no any time-varying parameters and uncertainty in the first equation of equation (18), e 2 = _ e 1 + k 1 e 1 will be obtained if a 1 = _ x d À k 1 e 1 , where k 1 is any positive scalar. Since the transfer function e 1 (s)=e 2 (s) = 1=(s + k 1 ) is stable, if e 2 asymptotically converges to zero, so does e 1 .
Step 2. This step is to make e 2 asymptotically stable.
To design the virtual control input a 2 , take Y 2 = e 2 2 =2 as a control Lyapunov function for e 2 , and the derivative of Y 2 is
The virtual control input a 2 is given by
where k 2 and e 2 are some positive scalars, a 2a is a model compensation function and a 2s is the robust control law consisting of two parts. Considering the following nice property of tan h(.) 22 0 ł jaj À atan h 0:2785a e ł e, 8a2R and e . 0 ð22Þ a 2s2 can satisfy the following condition
substituting equation (21) into equation (20) , the derivative of Y 2 becomes
Step 3. This step is to synthesize an actual control input u 1 to make e 3 asymptotically stable. The same design procedure used in step 2 will be employed.
where _ a 2c = ∂a 2 =∂y 2 ( _ y 2 + d=2) + ∂a 2 =∂t and _ a 2i = ∂a 2 =∂y 2 ( À d=2) represent the calculable part and incalculable part of a 2 , respectively.
To design the actual control input u 1 , considering the control Lyapunov function Y = Y 2 + e 2 3 =2, according to equations (24) and (25), the derivative of Y can be found as
The actual control input u 1 is given by 
where f = ½(1=û 1 )(û 2 y 3 + _ a 2c À GA 1 e 2 ), À y 3 T , k 3 and e 3 are any positive scalars, u 1a and u 1s are similar to a 2a and a 2s and u 1s2 can satisfy the following condition
substituting equation (27) into equation (26), the derivative of Y becomes
Performance analysis
In a high-performance servo system, tracking error should exponentially converge to a small range around the origin. The proposed robust controller can satisfy this property. Noticing conditions (23) and (28), the following equation is obtained from equation (29)
where k y = 2 minfk 2 , k 3 g and e y = e 2 + e 3 . Integrating both sides of equation (30), Y is bounded above by
Noticing that e 2 2 (t) ł 2Y(t) is obviously true according to the expression of V and e 1 (s) = e 2 (s)=(s + k 1 ), so
Equation (32) indicates that the proposed robust controller has an exponentially converging transient performance and je 1 j will converge to be within ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2e y =k y p =k 1 at t ! '. The exponentially convergence rate k y can be made arbitrarily large and the bound of final tracking error ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2e y =k y p =k 1 can be made arbitrarily small by increasing K = ½k 1 , k 2 , k 3 and/or decreasing E = ½e 1 , e 2 . In other words, the proposed robust controller can satisfy any desired transient response demand and steady response demand theoretically.
Simulation results
The validity of proposed robust controller has been checked by simulation experiments, which are carried out using the co-simulation interface between Simulink and AMESim. The structure model in AMESim is shown in Figure 5 .
As shown in Figure 5 , the whole system consists of the controller, mold oscillator and two identical hydraulic sets. Mold friction model proposed in section ''Mold friction'' is adopted in AMESim modeling. Force-distribution method is embodied in the controller with input F and outputs F 1 and F 2 . Considering the different load condition, the force F and torque T acting on the mold oscillator can be measured and converted into F 1 and F 2
Then, F 1 and F 2 can be expressed as
There are two considerations about the simulation system: the linear motor is used to provide constant casting speed, which is replaced by withdrawal machine in practice; limited by the modeling difficulty, F 1 and F 2 are calculated and transferred to cylinders in simulation, and there is no need to handle them in practice.
The constants adopted during the simulation procedure are as follows: M = 2: With the same simulation parameters, this article chooses another synchronization control method of mold oscillation as comparison: two proportionalintegral (PI) controllers for tracking desired trajectory and a fuzzy logic CCC (FCCC) are proposed in Kassem et al. 7 for synchronizing motions of two cylinders.
Two different oscillation conditions are chosen for verifying the validity of proposed control strategy. The parameters of different working condition are shown in Table 1 and desired trajectories of cylinders are shown in Figure 6 . Figures 7 and 8 show the simulation tracking errors of each cylinder with different controllers in sinusoidal and non-sinusoidal oscillation condition, respectively. As is seen in these simulation results, maximum absolute value of tracking error of FCCC is about 0:41 mm while that of RBC is about 0:14 mm. RBC is better than FCCC in tracking task. Figures 9 and 10 depict SE of two cylinders in different conditions. It is clear that RBC has a better performance whose maximum absolute value of SE is only 3 mm. Meanwhile, that of FCCC is 8 mm. As is shown in sinusoidal and nonsinusoidal oscillation condition, the proposed controller has improved the tracking accuracy compared to the FCCC algorithm due to the rational choice of K = ½k 1 , k 2 , k 3 and E = ½e 1 , e 2 . 
Practical application
To test the actual control performance of RBC, experiments are conducted practically on a mold oscillator which is shown in Figure 11 . The parameters of the cylinder are the same as used in simulation section. The maximum fluid pressure supplied by the hydraulic power is 16 MPa, and the maximum flow rate is 210 L/min. High-precision displacement sensors are installed in the two cylinders whose measurement range is 50 mm and resolution is 0.01 mm. At the beginning of the experiments, two cylinders are set to the mid-stroke position.
FCCC and RBC are tested with the same controller parameters in simulation. The two methods are implemented in a high-performance programmable logic controller (PLC). The PLC controller, S7-400 series, equipped with a dedicated FM485 motion control module, has the ability to complete the general floatingpoint arithmetic with instruction cycle of 90 ns. Moreover, trigonometric functions use the look-up table method. And the control program runs on interrupt mode, and the control period is 1.2 ms.
The experiment results shown in Figures 12 and 13 are similar to simulation results. The proposed RBC design can effectively depress the tracking error within 60:25 mm during the overall motion process, while FCCC can only achieve 60:65 mm. As is seen from Figures 14 and 15 , under different oscillation conditions, there is no significant difference between the SE of FCCC and RBC. However, it can be concluded that RBC outperforms FCCC slightly in SE elimination, because former SE is limited to 60:07 mm and latter SE is limited to 60:09 mm. Taken together, RBC is a better control strategy in considering tracking accuracy and synchronous performance.
Conclusion
In this article, a synchronization control strategy based on RBC without CCC is presented to achieve the objective of both position tracking and motion synchronization for two double-rod actuators of mold oscillator.
First, a new mold friction model is proposed. Mold friction has a great influence on control of oscillator. Although the model is not completely accurate, it is proved useful in the experiment when RBC strategy is adopted. One disadvantage of this model is that determination of model parameters needs analyzing large quantity of data in the same working conditions. Second, a simple RBC control strategy is proposed. Simulation and experiment results show that RBC performs well in control of high-precision position servo system that suffers from time-varying parameters and unmodeled uncertainties. Compared with the conventional proportional-integral-derivative (PID) control, RBC has a distinct advantage in position tracking.
Finally, the force-distribution method is used to consider coupling effect, thus there is no need to add CCC to control system. Simulation and experiment results clearly validate that designed controller can depress SE to the resolution level of displacement sensor even without CCC.
Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship and/or publication of this article.
Funding
The author(s) received no financial support for the research, authorship and/or publication of this article.
